Abstract Climate is one of many factors to be considered in adapting systems to environmental and societal change and often it is not the most important factor. Moreover, given considerable model inadequacies, irreducible uncertainties, and poor accessibility to model output, we may legitimately ask whether or not regional climate projections ought to have a central role in guiding climate change adaptation decisions. This question is addressed by analysing the value of regional downscaled climate model output in the management of complex socio-ecological systems (SESs) vulnerable to climate change. We demonstrate, using the example of the Dwesa-Cwebe region in South Africa, that the management of such systems under changing environmental and socio-economic conditions requires a nuanced and holistic approach that addresses cross-scale system interdependencies and incorporates ''complexity thinking''. We argue that the persistent focus on increasing precision and skill in regional climate projections is misguided and does not adequately address the needs of society. However, this does not imply that decision makers should exclude current and future generations of regional climate projections in their management processes. On the contrary, ignoring such information, however uncertain and incomplete, risks the implementation of maladaptive policies and practices. By using regional climate projections to further explore uncertainties and investigate cross-scale system dependencies, such information can be used to aid understanding of how SESs might evolve under alternative future societal and environmental scenarios.
Introduction
Acknowledging complexity when responding to contemporary environmental and societal pressures requires us to think and behave differently. Complex systems, which contain multiple interacting elements, feedbacks, nonlinearities and regime behaviour (Burkett et al. 2005) , are characterised by cross-scale spatial and temporal interactions (Peters et al. 2004 (Peters et al. , 2007 . If such cross-scale interactions are important within a socio-ecological system (SES-discussed in detail in Sect. 2) sensitive to climate variability and change, then climate information on different scales may also be highly relevant in understanding and managing the system. However, producing reliable and actionable climate model projections (i.e. containing evidence strong enough to guide real-world decisions) on regional and local scales is complicated by the need to resolve, and accurately simulate, climatic processes at high spatial resolutions; a computationally expensive and timeconsuming endeavour. Given these and other notable constraints (see Hewitson et al. 2013 and Sect. 5) , it is difficult to assess the value of the information content from regional climate downscaling (RCD) for different decision contexts. Here, we argue that despite these significant challenges, RCD can be used to better understand the sensitivity of complex SESs to climate change and is therefore a relevant source of information for guiding SES management decisions.
There are multiple working definitions of climate (Lorenz 1995; Daron 2012; IPCC 2013) , but here we consider climate as the distribution of atmosphere-ocean states consistent with specific external forcing conditions; climate change is a change in this distribution. In order to simulate the climate system and inform societal decisions, climate scientists rely conventionally on experiments using general circulation models (GCMs) which currently resolve atmosphere and ocean processes at horizontal resolutions of approximately 100-200 km (Randall et al. 2007; Taylor et al. 2012; IPCC 2013 ). Yet decision makers tasked with adapting systems and processes to climate variability and change are usually more interested in the climate at finer spatial scales (Adger et al. 2005 ). This scale mismatch causes a problem for both scientists striving to provide defensible model projections and for users who are required to interpret climate model output. To bridge this gap, the climate science community has developed dynamical downscaling approaches using regional climate models (RCMs) and empirical-statistical downscaling (ESD) methodologies (Giorgi 1990; Frey-Buness et al. 1995; Murphy 2000; Benestad 2004; Hewitson and Crane 2006) , providing higher spatial resolution information over specific regions of interest. Yet far from simplifying matters, practitioners are now required to interpret both GCM information and regional downscaled model information which is conditioned on the imperfect GCM output. How then might practitioners use this wealth of information for guiding adaptation decisions given the need to consider a wide range of other non-climatic factors? The answer is not straightforward. Here we attempt to provide insight to address this question, acknowledging the uncertainties and constraints associated with the current generation of RCD approaches. We focus on the management of SESs and draw on recent methodological developments in the theory of complex systems to better understand how RCD output might be interpreted and communicated to inform adaptation decisions.
Socio-ecological systems as complex adaptive systems
Historically, the ecological and social sciences have developed largely independently. Yet, as observed by Berkes et al. (2003) , there is an emerging consensus regarding the need to draw on different disciplinary approaches and find mutually beneficial solutions to social and ecological issues. This has led to an increased emphasis on SES research as a holistic approach to understand systems with multiple components (Young et al. 2006; Ohl et al. 2007) . SESs are those systems in which social-incorporating cultural, political, economic and technological-and ecological components interact, emphasising the ''human-in-nature'' perspective (Resilience Alliance 2010). Ostrom (2009) states that one of the core challenges in determining why some SESs are sustainable and others collapse is the identification and analyses of relationships at multiple levels and at different spatial and temporal scales. To fully understand the dynamics and interactions within complex SESs, we therefore need to determine and analyse cross-scale system relationships and interdependencies.
Resilient systems have the capacity to lead a continued existence by absorbing or adapting to change (Holling 1986; Adger 2000) . Contemporary research on the management of SESs builds on the concepts of complexity and resilience, viewing SESs as complex adaptive systems which are ''characterised by historical (path) dependency, nonlinear (non-convex) dynamics, regime shifts, multiple basins of attraction and limited predictability'' (Stockholm Resilience Centre 2007). In managing SESs as complex adaptive systems, we shift away from the advocacy of aggressive controlling measures, which can be vulnerable to errors in the predicted future state, towards dynamic responsive approaches that aim to bolster resilience through softer, less intrusive interventions. Such responsive management approaches are not well served by top-down policy-prescriptive climate science. Rather, responsive approaches require alternative forms of analysis where climate is embedded in the wider decision context. Lempert et al. (2004) distinguish between a ''predictthen-act'' framing of climate risk and an ''assess-risk-ofpolicy'' framing of climate risk. In managing SESs as complex adaptive systems in a changing climate, the latter framing is more appropriate. However, even in an assessrisk-of-policy framing, the process of exploring system sensitivities and vulnerabilities can follow linear thinking; first establishing the range of available policy or adaptation interventions, identifying climate thresholds and then mapping the available adaptation options to the range of plausible future scenarios in order to find the most suitable, and robust (Wilby and Dessai 2010) , adaptation strategythough the approach put forward by Wilby and Dessai (2010) does stress the need for long-term monitoring to support adaptive management. While it is pragmatically attractive to use a linear approach, we risk assigning too much confidence to the assumptions embedded in the analysis process. Furthermore, even the decision to frame the investigation of vulnerability and adaptation decision making process with a ''climate lens'' dictates, to a certain extent, the scope of the analysis (O'Brien et al. 2007) . By focussing only on managing the risks of climate variability and climate change, we might forego adaptation pathways which are better able to cope with a broad range of future societal and environmental risks.
Rethinking climate complexity with ''complexity thinking''
There is no universally accepted definition of complexity, but here we consider a complex system as an open system containing multiple interacting elements, feedback loops (Kastens et al. 2009 ) and nonlinear relationships (Haken and Mikhailov 1993) . Cilliers (1998) states that in a complex system, the ''whole cannot be fully understood by analysing its components.'' For SESs and complex systems more generally, we should not therefore expect the combined wisdom of different scientific disciplines working in isolation to coalesce and reliably inform our understanding of the entire system. An interdisciplinary perspective is not only desirable but essential, drawing on disciplinary expertise while providing a holistic interpretation of the system being investigated (Klein 2004) . Achieving this in practice, however, is only possible when we have the appropriate tools and sufficient institutional capacity (Agrawal 2010; Mustelin et al. 2013) .
It is one thing to acknowledge that a system is complex and quite another to incorporate the principles of complexity into the management of that system. Invoking complexity thinking requires decision makers to grapple with the multiple nonlinear interactions that define and influence the emergent behaviour of the system (Funtowicz and Ravetz 1994; Jenson 1998) . One of the primary challenges in engaging with a complex system is deciding which variables might be defined as endogenous (internal) and exogenous (external) to the system. Ostrom (2009) identifies climate as an exogenous variable for SES management, thereby decoupling changes in climate, in itself a complex system (Rind 1999) , to the dynamic behaviour of a SES. While this may be necessary for pragmatic reasons, we question whether or not management interventions, which affect the dynamics of a SES, can feedback to the local and regional climate. The answer is presumably scale dependent. For example, in the case of a large SES, such as the Amazon rainforest or the Yangtze river delta, management interventions (e.g. prohibiting deforestation or expanding irrigation) could have significant impacts on regional and local climatic conditions (Gao et al. 2007; Batlle Bayer et al. 2012) . Indeed, biogeophysical feedbacks, linked to land use change, can lead to regional climate impacts (Pielke et al. 2002) , but there remains a lack of interdisciplinary studies to thoroughly investigate such interactions (Bonan 2008) . At these scales, and for specific regions, any RCD method that does not account for land use change impacts (be it explicitly through land use parameterisation schemes or through post-processing) could provide misleading output (e.g. Preuschmann and Jacob 2012) . Conversely, for smaller systems, incorporating the climate as a dynamic component may be unnecessary; considering climate as an exogenous variable, which can directly or indirectly affect multiple SES components, will suffice. Figure 1 shows two conceptual diagrams of a SES analysis framework which incorporate climate as an exogenous (Fig. 1a) and endogenous (Fig. 1b) component. One could also imagine a similar characterisation whereby the economy and sociopolitical environment are considered as either exogenous or endogenous components of the system, but here our focus is on the climate. For a relatively small scale SES, characterising climate as exogenous to the system (Fig. 1a) would likely be more appropriate as it is not a dominant component of the internal SES dynamics but rather changes in the real (or perceived) climate act to mould or manoeuvre the system to different states. Whether these SES states are stable or unstable depends on the internal dynamics of the system. However, when considering such a system as part of a larger aggregated SES, perhaps at the scale of the district or province, it might become appropriate to consider climate as endogenous to the system (Fig. 1b) . For example, if management practices substantially change land use affecting surface runoff into the rivers feeding the SES of interest, then evapotranspiration rates will respond and alter rates of atmospheric heat exchange, thus impacting the local climate and feeding back to the resource ecology of the SES. An understanding of such system dynamics could constrain the available management options. Our decision therefore rests both on the scale at which management interventions can be taken and on the emergent scale 1 at which socio-ecological changes feedback to the regional and local climate. Defining and establishing the emergent scale in practice is non-trivial and requires a comprehensive understanding of SES-dependent feedback mechanisms; regional climate modelling experiments could help in this regard. In most adaptation contexts, however, identifying this scale will be a challenge, but acknowledging this challenge will encourage decision makers to consider the possible unintended consequences of adaptation decisions.
Our characterisation of climate as endogenous or exogenous to the system changes the role of climate information in the management process. At the national and international policy scale, the consideration of certain interventions and policy directives (e.g. UN-REDD 2012) might be informed by considering climate as endogenous to the SESs under investigation. In such situations, RCD, and in particular dynamical downscaling methods, can be used to enhance understanding of long-term SES responses. At the local policy and decision making scale, it is usually more appropriate to consider climate as exogenous to the SES, but does that mean that RCD becomes less important or even completely unnecessary? To better explore these issues, we describe a SES which is highly sensitive to both societal and environmental change.
The Dwesa-Cwebe SES
In this section, we analyse the Dwesa-Cwebe SES to illustrate the complexities of incorporating RCD into management decisions. While no specific empirical data regarding local vulnerabilities and adaptation strategies have been gathered as part of this study, the authors have been engaging with the local communities for a number of years to better understand the system and identify critical issues which impact vulnerability, acknowledging the complexities and evolving dynamics of the system. We therefore use the Dwesa-Cwebe SES as a worked example to highlight the challenges in using RCD to guide realworld decisions.
Located in the Eastern Cape on the southeast coast of South Africa (in the former Transkei), the Dwesa and Cwebe areas are separated by the Mbashe river and together form the Dwesa-Cwebe Nature Reserve (Timmermans and Naicker 2002) . The extended Dwesa-Cwebe region, situated between the Nqabara and the Ntlonyana rivers, covers approximately 235 km 2 and comprises two state forest reserves, a national marine reserve and four inland and adjacent communal areas (see Supplementary Materials, Fig. S1 ). Bounding any SES is problematic, and like many other systems, the Dwesa-Cwebe SES is part of a much bigger SES; Fay (2007) highlights the historical challenges of agreeing boundaries in Dwesa-Cwebe. The region is rich in resources, supports a diverse ecosystem and contains a number of small settlements with a present population of approximately 15,000 people (Fox 1997; Fay 2011) .
The Dwesa-Cwebe region is both naturally diverse and socially complex. The region is one of the poorest in South Africa and is characterised by temporary urban migration and reliance on remittances and state welfare grants (Timmermans 2004) . After forced removal of indigenous communities from the Dwesa and Cwebe forests between the 1890s and 1930s, those communities that remained eventually lost all access to the natural resources under Apartheid. Following the collapse of Apartheid in the early 1990s, communities began a struggle for land restitution under South Africa's Land Restitution policy. The residents were subsequently awarded full title to the communal land and a ''Deed of Settlement'' in which the DwesaCwebe Land Trust was granted full control of the protected area (Department of Land Affairs 2001; Palmer et al. 2002) . Although not without tension and controversy, according to Palmer et al. (2002) , this is one of the very few South African examples of successful reconciliation between protected areas and the interests of local residents. Historically administered separately, both Dwesa and Cwebe now fall under the administration of the Mbashe Municipality.
The region is situated within a climatic transition zone between the temperate south coast and the subtropical north coast and is characterised by wet summers and dry Variations in the onset of the rainy season can affect crop production impacting local food security. Poorly developed infrastructure and a high dependence on subsistence agriculture (Kepe 2005) mean that communities are strongly reliant on the successful functioning of natural and social systems to meet their basic livelihood needs. Figure 2 shows the different components of the DwesaCwebe SES when considering the system at the household scale. The figure represents a conceptual, and largely hypothetical, diagram identifying the main system components, relationships and strength of dependencies. It was developed after holding individual and group discussions with members of the community and engaging with other researchers who have been interacting with the community over a number of years (e.g. AESEDA 2014). We can use this diagram to think about the system interactions and consequences of shocks to the system following major climatic events. During discussions members of the community recollected a heavy rainfall event at the end of the last decade that led to flooding which permanently destroyed a major bridge across the Mbashe river. This impacted the communication and connectivity between the two communities separated by the river. Without the bridge, the only way to move people and goods safely is by using a much longer route inland. Individuals who previously walked, or used ox-drawn sledges (a local mode of transport for people and goods) to travel between the communities, now have to travel further and make use, where possible, of motorised vehicles to transport resources, food and people, incurring a significant additional financial cost.
Flooding events cause the poorly maintained roads to deteriorate further. This has knock-on impacts to the other components of the system, affecting availability of resources (food, water, livestock), access to education and health care, as well as the ability for people to attend religious and cultural events. In addition, community members, especially younger generations, often move to cities for work but longer travel times, as a result of poor roads, reduces the number of home visits. This impacts the exchange of finances between the migrant workers and their families who are largely dependent on this financial support. Reduced income from household migrant workers prevents children from attending school, due to the high cost of transporting children to and from school and the need for the children to stay at home to assist in farm work (Timmermans 2004 ). The poor roads also impact the local tourism sector, which provides additional employment for local people.
Climatic events not only have major impacts on the livelihoods of people in the Dwesa-Cwebe communities but also affect the reserve and other ecological components of the system. The Dwesa-Cwebe system has abundant natural capital, including forests, grasslands, water resources and marine ecosystems. Periods of low or high rainfall can impact the available water resources, as well as runoff in the rivers and the estuarine dynamics. Changes in local climate conditions (particularly rainfall and temperature) can therefore influence the functioning and efficiency of the natural capital. To effectively manage the reserve and maintain the natural capital of the system, local government authorities and reserve officials must work with the local communities, acknowledging their needs and rights to the use of reserve resources (such as building materials and wood for fuel from the protected forest) and remaining sensitive to the challenges presented in a postapartheid South Africa. In order to ensure management approaches are sustainable, it is therefore important to assess the effects of climate variability and climate change on the structure and availability of the system's natural capital. By embracing complexity thinking, decision makers must co-explore the system's ecological, climate and socio-economic thresholds to better inform the assessment of appropriate adaptation options aimed at preserving the natural capital and empowering communities.
Incorporating regional climate downscaling Maslin (2004) recognised the need to think in terms of ecological thresholds, which typically combine multiple climatic factors. Yet as scientists and practitioners attempting to inform management decisions in SESs, we need to take a further step and move towards identifying system, as opposed to solely climate or ecological, thresholds. As evidenced by the complex dynamics of the Dwesa-Cwebe system, even if we could accurately predict the change in the likelihood of surpassing rainfall and flooding thresholds in the future, this would be insufficient information for understanding how the system might respond. However, understanding and prediction are not synonymous, and by focussing on the former we can gain valuable information while ensuring that studies of complex systems under altered climate conditions remain tractable. Understanding how climate change may impact on SESs such as Dwesa-Cwebe relies, in part, on the ability of the scientific community to produce simulation models which adequately represent the climate system (Smith 2002; Pope et al. 2007 ); using model output to inform societal decision making requires models that are fit-for-purpose. Even operational weather forecast models are unable to resolve small scale atmospheric processes (\10 km) which are known to affect climate (e.g. cloud microphysics-Baker 1997). We certainly do not therefore expect GCMs or RCD approaches to provide the level of detail necessary to reliably forecast changes in the statistics of rainfall intensity at the Mbashe river catchment scale. Nonetheless, there are broader aspects of the regional and local climate that modelling can inform and in order to guide SES management decisions under climate change, it is important to develop models and methodologies which demonstrate the impact that an altered global climate might have at sub-global spatial scales.
According to Wilby and Pielke (2012) , ''for regional downscaling models to add value, they must be able to skilfully predict changes in regional weather statistics in response to human climate forcings, '' and Pielke (2013) notes that RCD often does not lead to improved skill in regional climate projections. Running hindcast model simulations can provide a measure of skill, and such measures are useful for informing our understanding of model accuracy and reliability in projecting changes in climate. Yet in using models to inform decision making, added value need not be constrained only to improved skill. Methods and models that help explore uncertainty as well as inform our understanding of cross-scale dependencies can also provide additional value; thus, models do not necessarily have to be more skilful in capturing changes in past atmospheric and ocean behaviour to provide added value in the context of management decisions under climate change. Indeed, all climate models, irrespective of their resolution, suffer from reliability issues owing to inherent model inadequacies, imperfect understanding of key system processes, the inability to thoroughly sample model uncertainties and a lack of adequate initialisation (Stainforth et al. 2007) . Moreover, there is little agreement on metrics to separate ''good'' from ''bad'' models (Knutti et al. 2010) . These errors and limitations do not disappear in RCD so can the output of RCD still add value to the study of complex SESs despite these limitations? We think the answer is yes but only if we broaden our definition of value to be more than solely improved skill in capturing past climatic behaviour.
Any RCD ''forecast'' will not only be model, method and scenario specific but also conditional on irreducible aleatoric uncertainties (Lorenz 1976; Pielke and Zeng 1994; Rial et al. 2004; Daron and Stainforth 2013 ) so our first step it to abandon our search for regional climate forecasts per se and think about RCD differently. In doing so, we might reframe our inquiry to focus on: (a) understanding how to characterise the spatial structure of climate at sub-GCM grid scales; and (b) determining how the climate at regional scales might respond under different assumptions about global climatic changes. Asking these questions will yield more insight to guide SES management decisions than asking currently unanswerable questions about how climate will change at local scales or indeed which future climates are more or less likely. By exploring the cross-scale relationships and dependencies between global and regional climate changes, using RCD methods, we can begin to better understand how climatic processes and modes of variability at these different spatial scales manifest themselves under altered forcing conditions. Consistent with the framework of Ostrom (2009), we ought therefore to be using climate model experiments at different scales to dissect the complexity of the climate system rather than to forecast its evolution.
RCMs are able to resolve processes and feedbacks that operate at a sub-grid scale GCM resolution (Giorgi 1990 ). Furthermore, both RCMs and ESD methods (based on empirically derived functions between large-scale predictors and local-scale predictands) can help us to better understand the how climatic uncertainties manifest themselves at different scales, such as those relevant to SES management decisions. To demonstrate that this is the case, we provide an example of three GCM models, identified here as model 1, 2 and 3 for simplicity, 2 and the associated downscaled output over the target region of interest, Dwesa-Cwebe (Fig. 3) . The GCM output is taken from the Coupled Model Intercomparison Project phase 5 (CMIP5) archive and the RCM downscaled output is from the COrdinated Regional Downscaling EXperiment (COR-DEX) archive-further information is provided in the Supplementary Material. The green line shows the boundaries of the catchments feeding the Dwesa-Cwebe region. Figure 3 shows a range of projections for annual precipitation change derived from direct GCM output, dynamical downscaling and ESD. In this example, we have not assessed the ability of the chosen models to reliably forecast changes in regional precipitation so we cannot interpret the output directly to inform messages of climate change. However, we can use this example to understand the scale dependence of climate model output.
The direct GCM output for the three models selected all shows a change towards drier conditions over the DwesaCwebe region (Fig. 3a-c) , albeit with different magnitudes and slightly different spatial characteristics. The downscaled output provides an additional layer of information that in some cases corroborates the GCM messages but in others shows a contradictory pattern of change. The dynamical downscaling (Fig. 3d-f) demonstrates the propagation of the large-scale dynamical GCM responses, such as a strong drying in the south eastern part of the model domain. Yet the higher resolution output provides additional texture, clearly distinguishing a strong drying signal in the mountainous regions (see Supplementary Materials, Fig. S2 ) and, for model 2 and 3 at least, wetting across the coastal region north of Dwesa-Cwebe. However, in the region of interest, the dynamical downscaling conveys contrasting messages. Model 1 continues to display relatively moderate drying, while model 2 shows the potential for an increased amount of drying. Conversely, model 3 shows drying in the northern part of the DwesaCwebe region but wetting over the coastal parts. Finally, the ESD output (Fig. 3g-i) shows relatively modest changes across the whole model domain, somewhat in contrast to the GCM and dynamical downscaling results. Furthermore, the ESD broadly suggests a coastal wetting and an inland drying signal. In the Dwesa-Cwebe region, model 1 shows an increase in annual precipitation, while models 2 and 3 both show a decrease or different magnitudes.
This example serves to demonstrate the added intricacies of considering RCD output. Crucially, however, the example shows that RCD does not simply interpolate GCM fields. While the downscaling relies on the GCM output, the downscaling process can lead to qualitatively different messages about how climate might change in the future compared to those derived from assessing GCM output a-c Raw GCM output; d-f and g-i corresponding downscaled output using a RCM and ESD, respectively
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only. In addition, Fig. 3 shows that different methods of downscaling can result in qualitatively different climate change messages. For example, while the output from the ESD method suggests a possible systematic bias of the GCMs in the coastal region of this particular area of South Africa, it does not show the strong topographical influences that are evident in the dynamical downscaling results. We can expect higher resolution models to disagree (in part) with lower resolution models in areas of complex topography but only through examining information produced at different scales of aggregation can we begin to understand the influence of local and regional factors in the local climate response. Now imagine you are responsible for managing the Dwesa-Cwebe road transport infrastructure with a planning time horizon of 30-40 years. You will need to ensure that any maintenance or upgrading of the infrastructure is resilient to climate change and ultimately benefits the local communities and economy. By now you understand that the system is complex and any changes may have nonlinear and unintended consequences. Even with a limited budget you have choices and there may be a number of possible adaptations, such as improving drainage in critical areas and investing in more resilient road surfaces. One of your first choices is to decide how to inform the multifaceted decision space, which includes issues such as cost (both capital and maintenance), impacts on social mobility, as well as environmental impacts and future resilience. Climate data provide only one source of information relevant to the planning decisions but choosing which information to incorporate and, crucially, how to incorporate that information is an important consideration. With or without RCD, the challenge remains of how to use climate information in the context of a complex system and a complicated decision space. We suggest the first step is to determine whether or not decisions are at all sensitive to climate variability or climate change, establishing the key climate variables and indices (e.g. dry spell duration) that may influence vulnerabilities and affect decisions. Assuming you have decided to treat climate as an exogenous variable, you now need to understand and examine the system thresholds, composed of multivariate interactions including physical and socio-economic variables. This requires an approach in which climate and non-climate factors are considered simultaneously and mapped to the system decision space and system thresholds (e.g. Brown et al. 2012 ). If climate variability or changes in climate are still seen to be an important part of the decision space, then only at this point is further interrogation of the available climate data necessary.
It is important to emphasise that prior to investigating the impacts of climate change, an understanding of baseline climate risk is absolutely essential. While observational datasets are the obvious, and often most reliable, sources of information, both GCM and RCD data can also have a role in characterising the spatial dependencies of the climate, provided the models skilfully capture historical observations. But what about the climate risks in the future, when we no longer have the luxury of observations? In the absence of RCD information, you might choose to assume that the past is sufficiently representative of the future or to focus on building resilience to a wide range of conceivable futures unconstrained by model projections. Alternatively, you might decide to use available GCM output to constrain the range of futures and examine how rainfall patterns are projected to change at the GCM scale, knowing that rainfall is a relevant variable for deciding where and how to build or upgrade infrastructure. The GCMs may provide a consistent message of drying or wetting, but are likely to disagree about the magnitudes of change, and consulting the range of projections will only provide you with a subset of the model uncertainty space. With the addition of RCD information, the range of projection uncertainty may increase or even decrease. In Fig. 3 , we demonstrate how RCD translates the GCM output to higher resolutions, showing that what you might have assumed to be a consistent drying in the region may actually result in some local increases in rainfall; any plans which did not account for increasing rainfall now look to be increasingly maladaptive. It is also possible for RCD to narrow the uncertainty bounds at smaller scales. At no point are we asserting that RCD output is always more appropriate for local adaptation decisions, but rather that RCD can provide additional information in translating large-scale synoptic changes to higher resolution spatial scales. We maintain that simply viewing the downscaled output as ''truth'' is as foolish as taking the GCM output and doing likewise.
In the management of complex adaptive SESs, such as Dwesa-Cwebe, there is no single magic tool that can provide optimal management answers, but the most effective management processes will be iterative, consultative and holistic, and above all acknowledge the assumptions embedded in any conclusions. However, there are certainly approaches that we know to be inadequate. First and foremost, we cannot limit analyses to a one-way flow of information. Directly providing GCM or RCD output to a decision maker is an insufficient way to consider the impacts of climate change for a SES when deciding on appropriate adaptation strategies. Without a holistic understanding of how a system responds to a combination of changes in environmental and socio-economic conditions, one cannot expect the solutions to be robust and increase the resilience of the system (if that is the objective). The current prevailing paradigm of a one-way flow of information from the scientist to the decision maker needs to be replaced with a process that fosters a more sophisticated dialogue.
The future role of regional climate downscaling
Given the limitations associated with current RCD methods, should we continue to invest in RCMs and ESD to aid adaptation decisions, such as those related to SES management? The answer depends on what form that investment takes.
In an attempt to better inform real-world adaptation decisions, a renewed focus has been placed on the production of probabilistic information (Pittock et al. 2001; Murphy et al. 2004 Murphy et al. , 2009 , to provide more information about the tails of distributions. We know, however, that no model is synonymous with the climate system so we cannot hope to achieve objective probability statements; any probabilistic information is therefore conditional on our model assumptions complicating the interpretation of such information for real-world decisions. If climate scientists wish to pursue these endeavours at regional scales, then vast amounts of additional computing capacity would be required to run the necessary model ensembles; such large ensembles may, however, be attainable within certain modelling frameworks, particularly for ESD which is computationally much more efficient than dynamical methods. Yet given the conceptual challenges of relating model probabilities to real-world probabilities, and the additional costs of creating and analysing such data, it may be worth reassessing this vision for RCD.
There are other ways in which RCD can be used to provide more value. RCD can improve our understanding of the uncertainty for climate variables relevant to SES management decisions, but this assertion is necessarily cautious. Both RCMs and ESD do not eliminate, nor even necessarily reduce, the errors and uncertainties propagated from GCMs. However, by translating the large-scale circulation changes onto regional and local domains, one can enhance understanding of how uncertainties manifest themselves at the smaller scale. To understand what information can then be reliably extracted requires scientists to place more emphasis on assessing the synoptic scale robustness of climate model output. Determining truly robust management interventions is only possible if we can project climate at the relevant spatial and temporal scales, while ensuring our exploration of uncertainty is sufficiently comprehensive. Downscaling should help us to further explore uncertainty in climate projections and provides a means to generate information at more policy-relevant spatial scales. However, given the limitations, any RCD projections must be used with caution and RCD methods need to be continually assessed for skill in predicting changes in climate before they can be considered fit-forpurpose for use in projecting future climate change. Furthermore, such endeavours are constrained by limited computational capacity and the ability to manage and interpret large volumes of model output data.
Over the next decade, climate modelling institutions are likely to continue increasing the spatial resolution of RCMs in the hope of improving their representation of sub-grid scale processes. Yet the model output will continue to be dependent on the output of lower resolution GCMs and the quality of the exogenous drivers. While GCMs may be developed to explicitly include more processes in addition to increasing their spatial resolution, they will continue to be imperfect representations of the climate system and uncertainty will remain an inherent part of climate modelling; indeed, recent evidence from the from the Fifth Assessment Report of the IPCC shows that scientists may, in many cases, be unable to further constrain the uncertainty in future model projections (IPCC 2013) . We cannot expect RCD projections to become entirely accurate and climate model simulations will, at best, only help in approximating the true uncertainty space. Failure to recognise these constraints may potentially risk the implementation of maladaptive climate change strategies.
On the other hand, as more research is conducted our understanding of the dynamics and predictability of the climate system should improve. Assuming an increase in computational capacity, models will be able to explicitly resolve and (presumably) better simulate more processes relevant to regional climates. The dialogue between climate scientists and the users of climate information should have matured. As climate scientists engage further with different disciplines, there ought to be more recognition of the different ways of framing decision making processes. And with the increase in resources committed to climate services, users should have better access to climate information as well as an improved understanding of climate risks and the limits to climate information. If this more optimistic vision of the future is to become a reality, we must continue to debate how best to develop and use RCD to meet the needs of society.
As we have discussed here, solutions to management problems in SESs require an interdisciplinary perspective. Hulme (2005) recognises the role of ecologists in thinking beyond individual species and considering system scale solutions. Similarly, climate adaptation scientists and practitioners must aim to think more broadly about the vulnerability of systems to factors other than climate (Füssel 2007) . Unifying RCD output with other sources of information in the context of managing complex adaptive SESs remains a challenge. However, we believe this challenge is not insurmountable if one acknowledges ignorance and applies an assess-risk-of-policy framing . We cannot, and probably never will, accurately predict the future climate at regional and local scales, let alone predict the evolution of complex dynamic SESs, so adopting a predict-then-act approach will only ever be of limited value. That said, the assess-risk-of-policy framing still typically relies, in part, on model projections and future scenarios (though such scenarios can be determined using a weather generator approach-e.g. Steinschneider and Brown 2013) to test the robustness of policy interventions; here, RCD has an important role to play in understanding the complexities of the scaledependent climate system and in helping to identify possible climate futures that are worth incorporating in decision processes.
Is there an important role for RCD in SES management decisions in the future? We believe there is but our approaches cannot simply extrapolate from current practices which largely focus on data provision and a one-way flow of information. Lessons from how RCD is used need to guide model development and inform different modes of dissemination. Future research and practices that explore the concept of system thresholds and fully embrace multidisciplinary perspectives are likely to yield further useful insights to guide the management of SESs. The challenge of how to organise and bring together people with different disciplinary and experiential perspectives remains nontrivial but failure to do so risks the implementation of maladaptive policies and decisions. Management decisions in SESs vulnerable to climate change will be most effective when they incorporate holistic analyses of system sensitivities and thresholds rather than rely on segmented efforts to predict the future of different system variables in isolation.
